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$EVWUDFW
%HFDXVH WKH FDOFLILHG WLVVXHV RI PDPPDOLDQV DUH
PDGH XS RI FDOFLXP SKRVSKDWH &D3 VHYHUDO
FRPSRXQGV RI V\QWKHWLF &D3V DUH ZLGHO\ XVHG LQ
RUWKRSHGLF DSSOLFDWLRQV IRU PDQ\ WDUJHWV 7KHVH
LQFOXGHUHSDLUPHQWDQGUHFRQVWUXFWLRQRIERQHWLVVXH
GHIHFWVERQHIUDFWXUHKHDOLQJVWUHQJWKHQLQJGHQWDO
WLVVXHV DQG DV WKH FRDWLQJV IRU LPSODQW PDWHULDOV
RZLQJ WR WKHLU H[FHOOHQW ELRFRPSDWLELOLW\ DQG
ELRDFWLYLW\ 7KH LQWHUIDFH EHWZHHQ WKH RUWKRSHGLF
LPSODQWDQGWKHVXUURXQGLQJKRVWWLVVXHPD\SOD\D
VLJQLILFDQW UROH RQ WKH FOLQLFDO DVSHFW ([SHFWHG
HIIHFWVDUHXVXDOO\ERQ\LQJURZWKRVVHRLQWHJUDWLRQ
VWLPXODWLRQ RI RVWHRJHQHVLV RVWHRLQGXFWLRQ
LQFUHDVHGYDVFXODUL]DWLRQDQGLPSURYHGPHFKDQLFDO
VWDELOLW\ $PRQJ WKHVH IDFWRUV VXUIDFH WH[WXUH RU
QDQRPLFURWRSRJUDSK\RI DQ LPSODQWPDWHULDO FDQ
GUDVWLFDOO\DOWHUWKHLQWHUDFWLRQEHWZHHQWKHLPSODQW
DQGWKHFHOO7KHUHIRUHH[DPLQLQJFHOOEHKDYLRUKDV
FUXFLDOLPSRUWDQFHGHSHQGLQJRQWKHVXUIDFHWH[WXUH
RIWKHVXEVWUDWHV$PRQJDOOOLWKRJUDSK\WHFKQLTXHV
)RFXVHG ,RQ %HDP ),% EDVHG GLUHFW LRQ
OLWKRJUDSK\ LV D FRQYHQLHQW DQG SUDFWLFDO ZD\ LQ
RUGHUWRIRUPQDQRDQGPLFURVWUXFWXUHVLQGHVLUHG
VL]HVDQGJHRPHWULHV
,Q WKLV VWXG\ ELSKDVLF FDOFLXP SKRVSKDWH %&3
VXUIDFHVZHUHPRGLILHGXVLQJDGXDOEHDPSODWIRUP
),%6(0DQG WKH FHOO LQWHUDFWLRQRIPDPPDOLDQ
RVWHREODVWOLNHFHOOV0*RQWKHUHODWHGVXUIDFHV
ZDV LQYHVWLJDWHG LQYLWUR  5HSHDWLQJ SDWWHUQV RI
VTXDUH FLUFOH DQG OLQHDUUD\ LRQPLOOHG VWUXFWXUHV
DQG VTXDUH FDUERQ GHSRVLWLRQ OD\HUV [ P
ZHUHIRUPHGRQ%&3SHOOHWVXUIDFHVDWWKH),%&HOO
VXUIDFH LQWHUDFWLRQ ZDV WKHQ REVHUYHG ERWK XVLQJ
)OXRUHVFHQFH0LFURVFRS\DQGKLJKUHVROXWLRQ6(0
LPDJLQJ%HVLGHV)OXRUHVFHQFHPLFURVFRS\LPDJHV
ZHUHDQDO\]HGE\XVLQJ ,PDJH- VRIWZDUH WRREWDLQ
TXDOLWDWLYHLQIRUPDWLRQRQFHOODGKHVLRQEHKDYLRURQ
WKH VWUXFWXUHG VXUIDFH RI%&37KLV VWXG\ VKRZHG
WKDWVXUIDFHWRSRJUDSK\RIWKHELRFHUDPLFVXEVWUDWHV
DW WKH QDQR DQG PLFUR VFDOH FRQWULEXWH WR WKH FHOO
DGKHVLRQEHKDYLRU

,QWURGXFWLRQ
1RZDGD\V WDNLQJ DQ LPSRUWDQW SDUW LQ WKH KHDOWK
VHFWRU DQG LPSURYLQJ WKH OLIH TXDOLW\ELRPDWHULDOV
KDYH KLJKDGGHG DQG KHQFH KLJK ILQDQFLDO YDOXH
&DOFLXPSKRVSKDWHFRPSRXQGVDUHZLGHO\XVHGDV
ERQH JUDIW PDWHULDO LQ WXPRU VXUJHU\ DQG ERQH
IUDFWXUHKHDOLQJWRVWUHQJWKHQGHQWLQLQGHQWLVWU\DQG
DVDFRDWLQJPDWHULDOIRULPSODQWV%&3LVDFDOFLXP
SKRVSKDWH ELRPDWHULDO ZKLFK FRQWDLQV DQ LQWLPDWH
PL[WXUHRI K\GUR[\DSDWLWH +$&D322+
DQG EHWDWULFDOFLXP SKRVSKDWH EHWD7&3
&D32 DW GLIIHUHQW UDWLRV DQG LV REWDLQHG E\
VLQWHULQJ WKH FDOFLXP GHILFLHQW K\GUR[\DSDWLWH DW
WHPSHUDWXUHV RI & DQG DERYH >@ 6LQFH %&3
FRQWDLQV D VWDEOH DSDWLWH SKDVH +$ DQG D PRUH
VROXEOHELRGHJUDGDEOHSKDVHȕ7&3WRJHWKHULWLV
SURPLVLQJIRUPDQ\PHGLFDODSSOLFDWLRQV%&3VDUH
FRPPHUFLDOO\ XVHG WR FRQWURO WKH VROXELOLW\ DQG
VWUHQJWKRIDQDUWLILFLDOERQH>@

2QWKHRWKHUKDQGWKHXVHRIKLJKUHVROXWLRQHOHFWURQ
PLFURVFRSHVSURYLGHVSUHFLVHDQGFHUWDLQUHVXOWVIRU
GLVFLSOLQHIUHH DSSOLFDWLRQV LQ VFLHQFH DQG
WHFKQRORJ\,QSDUWLFXODU)RFXVHG,RQ%HDP),%
0LFURVFRS\ HQDEOHV VLPXOWDQHRXV VWUXFWXULQJ DQG
FKDUDFWHUL]DWLRQ VNLOOV GRZQ WR QDQRPHWHU VFDOH
LQFOXGLQJ VLWH VSHFLILF DQDO\VLV LRQ PLOOLQJ
GHSRVLWLRQ PLFURPDFKLQLQJ SURWRW\SLQJ DQG
PDQLSXODWLRQ ,Q WKLV VWXG\ ),%6(0 GXDOEHDP
SODWIRUPV ZHUH XVHG IRU SHUIRUPLQJ GLUHFW LRQ
PLOOLQJDQGFDUERQGHSRVLWLRQSURFHVVHVLQRUGHUWR
IRUPPLFURQVL]HG DUUD\ JHRPHWULHV ORFDOO\ DQG LQ
WKHGHVLUHGVKDSHDQGJHRPHWULHV

,QWKLVZRUN%&3SHOOHWVXUIDFHVZHUHVWUXFWXUHGYLD
GLUHFWLRQOLWKRJUDSK\DQGWKHFHOOLQWHUDFWLRQRIWKH
RVWHREODVWOLNH FHOOV RQ WKH UHODWHG VXUIDFHV DUH
LQYHVWLJDWHG LQ YLWUR 7KH DGKHVLRQ EHKDYLRU ZDV
REVHUYHGXVLQJFRPSOHPHQWDU\LPDJLQJWHFKQLTXHV
HJ 6(0 DQG )OXRUHVFHQFH 0LFURVFRS\
REVHUYDWLRQV






UCTEA Chamber of Metallurgical & Materials Engineers’s Training Center Proceedings Book
774 IMMC 2018   |   19th International Metallurgy & Materials Congress
([SHULPHQWDO3URFHGXUH

3UHSDUDWLRQRI%&3

%&3QDQRSDUWLFOHVZHUHV\QWKHVL]HGE\ZDWHUEDVHG
VROJHOWHFKQLTXHZKLFKZDVDSSOLHGDFFRUGLQJWRD
VLPLODUSURFHGXUHIRUPHUO\UHSRUWHGE\%DNDQHWDO
>@ &D12+2 DQG1++32 ZHUH XVHG DV
WKH&DDQG3SUHFXUVRUV UHVSHFWLYHO\ZLWKD&D3
PRODUUDWLRRI%RWKSUHFXUVRUVZHUHSUHSDUHG
XVLQJ0FPGHLRQL]HGZDWHU7KHS+RIERWK
VROXWLRQV ZDV DGMXVWHG ZLWK DPPRQLD 7KH &D
SUHFXUVRU ZDV DGGHG GURSZLVH WR WKH 3 SUHFXUVRU
ZLWKDSHULVWDOWLFSXPSDWDFRQVWDQWYROXPHWULFUDWH
RIP/PLQDWURRPWHPSHUDWXUH7KHXOWLPDWHJHO
ZDV VWLUUHG DW URRP WHPSHUDWXUH IRU  K $IWHU
DJLQJ SUHFLSLWDWHG SDUWLFOHV ZHUH FROOHFWHG E\
ILOWUDWLRQ DQG ZHUH WKHQ ZDVKHG ZLWK GHLRQL]HG
ZDWHUWRUHPRYHLPSXULWLHV7KHILOWHUFDNHZDVWKHQ
GULHG IRU  K LQ D YDFXXP RYHQ DW ƕ& DQG WKH
QDQRSDUWLFOHV ZHUH VXEVHTXHQWO\ REWDLQHG 7KH
QDQRSDUWLFOHV ZHUH ILUVW SUHVVHG DW  WRQV ZLWK D
VLQJOHD[LVSUHVVLQRUGHUWRIRUPDPPGLDPHWHU
SHOOHW $IWHUZDUGV WZRVWHS VLQWHULQJ SURFHVV ZDV
FDUULHGRXWWRFRPSOHWHWKHFKHPLFDOFRQYHUVLRQRI
%&3IRUPDWLRQ7KHVLQWHULQJZDVGRQHDW&IRU
KIROORZHGE\KDW&$IWHUVLQWHULQJWKH
SDUWLFOHVZHUHOHIWIRUFRROLQJLQVLGHWKHRYHQ

&KDUDFWHUL]DWLRQRI1DQRSDUWLFOHVDQG3HOOHW
6XUIDFHV

7RDQDO\]H WKHSKDVHFRPSRVLWLRQRI WKHSDUWLFOHV
;UD\GLIIUDFWLRQ;5'DQDO\VLVZDVFDUULHGRXWE\
D%UXNHU$;6$GYDQFH'XVLQJ&X.UDGLDWLRQDW
WKHVWHSVFDQQLQJPRGHDSSO\LQJDWXEHYROWDJHRI
N9DQGDWXEHFXUUHQWRIP$$VWHSVL]HRI
ƕDQGD VFDQ VSHHGRIƕPLQZHUHDSSOLHG ,Q
DGGLWLRQ5DPDQ6SHFWURVFRS\PHDVXUHPHQWVZHUH
GRQHXVLQJ5HQLVKDZ5DPDQ,Q9LD6\VWHPFRXSOHG
ZLWK D  QP JUHHQ ODVHU IRU LGHQWLI\LQJ WKH
FKHPLFDOJURXSVWKDWDUHSUHVHQWLQWKH%&3VDPSOH
7KHPRUSKRORJ\RIWKHSDUWLFOHVZDVFKDUDFWHUL]HG
XVLQJD-(2/-(0)8+5+537UDQVPLVVLRQ
(OHFWURQ0LFURVFRS\7(07KHURXJKQHVVDQG'
WRSRJUDSK\ RI WKH %&3 SHOOHW VXUIDFHV ZHUH
LQYHVWLJDWHG E\ $WRPLF )RUFH0LFURVFRS\ $)0
ZLWKD%UXNHU0XOWL0RGH$)0V\VWHP

1DQRVWUXFWXULQJE\'LUHFW,RQ/LWKRJUDSK\

)RUQDQRVWUXFWXULQJWKHSURGXFHG%&3SHOOHWVZHUH
VXEMHFWHGWRGLUHFWLRQPLOOLQJDQGJDVDVVLVWHGLRQ
EHDPLQGXFHG GHSRVLWLRQ LQ D -(2/ -,% )
0XOWL%HDP ),%6(0 SODWIRUP 6XUIDFH
PRGLILFDWLRQSURFHVVHVZHUHFDUULHGRXWE\H[SRVLQJ
*DLRQVGLUHFWO\RQWR%&3FHUDPLFVXUIDFHVDQGE\
GLYHUWLQJWKHVWRUDJHJDVFDUERQZKLFKLVVSUD\HG
WKURXJK JDV LQMHFWLRQ V\VWHP *,6 WR D WDUJHWHG
VXUIDFH VLPXOWDQHRXVO\ZLWK WKH DSSOLFDWLRQ RI LRQ
ERPEDUGPHQW7KHGLPHQVLRQVRIWKHSDWWHUQVZHUH
RSWLPL]HG DFFRUGLQJ WR WKH VL]HV RI WKH FHOOV WKDW
ZHUHFKRVHQLQWKLVVWXG\6LQFHWKHQXFOHLRI0*
 FHOOV KDYH DQ DYHUDJH GLDPHWHU RI  P WKH
DUUD\VRI [PVTXDUHSDWWHUQV DQGP
FLUFOHSDWWHUQVZHUHSUHSDUHGRQ%&3SHOOHWVXUIDFHV
/LQHDUUD\VKDGDQLQWHUVSDFLQJRIP

&HOO&XOWXUHRQ0RGLILHG6XUIDFHV

7KH KXPDQ RVWHREODVWOLNH FHOO OLQH 0* ZDV
SXUFKDVHG IURP WKH $PHULFDQ 7\SH &XOWXUH
&ROOHFWLRQ$7&&&HOO FXOWXUHZDVPDLQWDLQHG LQ
'XOEHFFR
V 0RGLILHG (DJOH
V 0HGLXP '0(0
VXSSOHPHQWHGZLWKIHWDOERYLQHVHUXP/
JOXWDPLQH  QRQHVVHQWLDO DPLQR DFLGV 1($$
DQG  SHQLFLOOLQVWUHSWRP\FLQ 7KH FHOOV ZHUH
PDLQWDLQHGLQDKXPLGLILHGLQFXEDWRUZLWK&2
DW&8QWLOFRQIOXHQF\WKHFHOOVZHUHSDVVDJHGDW
D  VSOLW UDWLR DSSUR[LPDWHO\ WZLFH D ZHHN
([SHULPHQWVZHUHSHUIRUPHGXVLQJWKHFHOOVDIWHUWKH
WHQWK SDVVDJH )RU WKH SDVVDJLQJ WKH FHOOV ZHUH
ZDVKHGZLWK3%6DQGLQFXEDWHGZLWKWU\SVLQ('7$
IRUPLQDW&WRGHWDFKFHOOVIURPWKHIODVNV

7KH0*FHOOVZHUHVHHGHGRQ%&3SHOOHWVZLWKD
GHQVLW\RIFHOOVFPIRUHDFKSHOOHW&HOOVZHUH
JURZQRQ%&3SHOOHWVIRUDQGKWRREVHUYH
WKHFHOODGKHUHQFHWRSDWWHUQHGDQGQRQPRGLILHGDV
DFRQWUROVXUIDFHV

 ,PPXQRIOXRUHVFHQFH DQG &\WRVNHOHWDO
2EVHUYDWLRQ

0*FHOOVZHUHFXOWXUHGRQ%&3SHOOHWVDWƕ&LQ
 &2 KXPLGLILHG DWPRVSKHUH $IWHU  GD\V RI
FXOWXUHFHOOVZHUHZDVKHGZLWK3%6DQGIL[HGZLWK
ZYSDUDIRUPDOGHK\GH LQ3%6EXIIHU IRU
PLQXWHVDWURRPWHPSHUDWXUH7KHVDPSOHVZHUHWKHQ
ZDVKHGZLWKGLVWLOOHGZDWHUWKUHHWLPHVIRUPLQDQG
SHUPHDELOL]HG ZLWK  7ULWRQ ; DW URRP
WHPSHUDWXUHIRUPLQ)ROORZLQJWKHZDVKLQJZLWK
GLVWLOOHGZDWHU'$3,ZDVDGGHGWRVWDLQWKHQXFOHXV
RIWKH0*FHOOV7KHQWKHSHOOHWVZHUHREVHUYHG
XQGHUERWK ,QYHUWHG )OXRUHVFHQFH0LFURVFRSH DQG
6(0

5HVXOWVDQG'LVFXVVLRQ

&KDUDFWHUL]DWLRQRI%&3

)LJXUHVKRZVWKH;5'GLIIUDFWRJUDPRIWKH%&3
QDQRSDUWLFOHV7KH;UD\GLIIUDFWLRQSDWWHUQVRI%&3
ZHUHLGHQWLILHGZLWKWKH-RLQW&RPPLWWHHRQ3RZGHU
'LIIUDFWLRQ 6WDQGDUGV -&3'6 FDUGV 
IRU+$DQGIRUȕ7&33KDVHDQDO\VLV
UHYHDOHGWKDWDOOPDMRUSHDNVRI+$DQGȕ7&3ZHUH
SUHVHQWLQWKHVSHFWUXP)LJXUHVKRZVWKH5DPDQ
VSHFWUXP RI WKH VLQWHUHG %&3 QDQRSDUWLFOHV $OO
EDQGV KDYH EHHQ DVVLJQHG WR LQWHUQDO YLEUDWLRQDO
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PRGHVRIWKHSKRVSKDWHJURXSV7KHVWURQJSHDNDW
 FP LV DVVLJQHG WR WKH WRWDOO\ V\PPHWULF
VWUHWFKLQJPRGHȣRIWKHWHWUDKHGUDO32JURXS
3í2ERQG>@7ULSOHGHJHQHUDWHEHQGLQJPRGH
ȣRIWKH32JURXS2í3í2ERQGZDVREVHUYHG
DW  FP DQG  FP >@ 7ULSOH GHJHQHUDWH
DV\PPHWULFVWUHWFKLQJPRGHȣRIWKH32JURXS
3í2ERQGZDVREVHUYHGDWFP>@


)LJXUH;5'VSHFWUXPRIWKHVLQWHUHG%&3


)LJXUH5DPDQVSHFWUXPRIWKHVLQWHUHG%&3
%ULJKWILHOG7(0PLFURJUDSKLVJLYHQLQ)LJXUH
%&3 SDUWLFOHV VKRZ D URGOLNH PRUSKRORJ\ RI
DSSUR[LPDWHO\QPGLDPHWHUDQGQPOHQJWK



)LJXUH   %ULJKW ILOHG 7(0 LPDJH RI WKH %&3
QDQRSDUWLFOHV








)LJXUH$)0'WRSRJUDSK\LPDJHVRIWKH%&3
VXUIDFHDEHIRUH),%PLOOLQJEDIWHU),%PLOOLQJ
7RLQYHVWLJDWHWKHHIIHFWRIWKHSDWWHUQLQJSURFHVVHV
RQ WKH VXUIDFH URXJKQHVV DQG PRUSKRORJ\ $)0
DQDO\VLVZDVGRQHRQXQWUHDWHGDQGWUHDWHGVXUIDFHV
)LJXUH$IWHU),%PLOOLQJWKHVXUIDFHURXJKQHVV
GHFUHDVHG DQG UHODWLYHO\ VPRRWKHU VXUIDFHV ZHUH
REWDLQHG

6XUIDFHPRGLILFDWLRQVE\),%6(0SODWIRUP

6(6(0 LPDJHVRI LRQPLOOHG VWUXFWXUHV DF DQG
LRQ EHDP LQGXFHG FDUERQ GHSRVLWLRQ G RQ %&3
VXUIDFHDUHVKRZQLQ)LJXUHDQG)LJXUH


)LJXUH6(6(0PLFURJUDSKVDFLUFOHPLOOLQJ
EVTXDUHPLOOLQJFDUUD\PLOOLQJDQGGVTXDUH
GHSRVLWLRQ


)LJXUH  6( LPDJHV JHQHUDWHG E\ LRQV D FLUFOH
PLOOLQJEVTXDUHPLOOLQJFDUUD\PLOOLQJDQGG
VTXDUHGHSRVLWLRQ

,QYLWURDQDO\VLVRIVXUIDFHFHOOLQWHUDFWLRQV

7KH HIIHFW RI VXUIDFH VWUXFWXULQJ RQ FHOO DGKHVLRQ
ZDV REVHUYHG E\ XVLQJ 0* RVWHRVDUFRPD
PDPPDOLDQFHOOOLQH&HOOQXFOHLDQGDFWLQILODPHQWV
RI0* FHOOV DUH FOHDUO\ YLVLEOH LQ IOXRUHVFHQFH
PLFURVFRSH DV WKH\ DUH VWDLQHG ZLWK '$3, DQG
SKDOORLGLQVWDLQV)LJXUH7KH%&3VXUIDFHVZHUH
OHIW WR LQFXEDWH ZLWK FHOOV IRU K K DQG K
)LJXUH$VWKHLQFXEDWLRQWLPHLQFUHDVHVWKHRYDO
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